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Pre-compacted elements (disks, torus) of bentonite/sandmixture are candidatematerials for sealing plugs of
radioactivewaste disposal. Choice of thismaterial ismainly based on its swelling capacityallowing all gaps in
the system to be sealed, and on its low permeability.When emplaced in the gallery, these elements will start
to absorbwater from the host rock and swell. Thereby, a swelling pressurewill develop in the radial direction
against the host rock and in the axial direction against the support structure. In this work, the swelling
pressure of a small scale compacted disk of bentonite and sandwas experimentally studied in both radial and
axial directions. Different swelling kinetics were identiﬁed for different dry densities and along different
directions. As a rule, the swelling pressure starts increasing quickly, reaches a peak value, decreases a little
and ﬁnally stabilises. For some dry densities, higher peaks were observed in the radial direction than in the
axial direction. The presence of peaks is related to the microstructure change and to the collapse of macro-
pores. In parallel to the mechanical tests, microstructure investigation at the sample scale was conducted
using microfocus X-ray computed tomography (mCT). Image observation showed a denser structure in the
centre and a looser one in the border, which was also conﬁrmed by image analysis. This structure hetero-
geneity in the radial direction and the occurrence of macro-pores close to the radial boundary of the sample
can explain the large peaks observed in the radial swelling pressure evolution. Another interesting result is
the higher anisotropy found at lower bentonite dry densities, which was also analysed by means of mCT
observation of a sample at low bentonite dry density after the end of test. It was found that themacro-pores,
especially those between sand grains, were not ﬁlled by swelled bentonite, which preserved the anisotropic
microstructure caused by uniaxial compression due to the absence of microstructure collapse.
 2014 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
In the concept of deep radioactive waste disposal in clayey host
rocks, sealing materials are used to limit water ﬂuxes around the
excavated galleries in the post-closure phase. Compacted
bentonite/sand mixtures are often considered as possible sealing
materials due to their low permeability, good radionuclidesand Soil Mechanics, Chinese
sevier
hanics, Chinese Academy of
ll rights reserved.retention capacity and swelling ability (Pusch, 1982; Yong et al.,
1986). A possible conﬁguration used in sealing plugs consists in a
series of pre-compacted bentonite/sand disks inserted between
two concrete conﬁning components. Once the disposal galleries are
closed, plugs will be progressively inﬁltrated by the host rock pore
water. They will swell and seal the so-called technological voids of
the system (Wang et al., 2013), i.e. the voids remaining between
blocks and at the interfaces with the rock after placement. After-
wards, swelling pressure will progressively develop both radially
along the host rock and axially along the adjacent bentonite/sand
disks and then on the mechanical conﬁning components. In the
design of sealing plugs, the swelling pressure is a key parameter to
be controlled. Indeed, it must be high enough to ensure good
sealing performance and at the same time it must be lower than the
in situ minor stress in the host rock and the yield stress supported
by the conﬁnement elements.
Generally, a unique swelling pressure considered as isotropic is
taken into account in the design of sealing plugs and/or engineered
barriers and in the assessment of their swelling behaviours.
Accordingly, laboratory measurements are concentrated on only
Fig. 1. Grain size distribution curves of bentonite, sand and deﬂocculated bentonite.
Fig. 2. Layout of the constant volume cell for the swelling pressure tests.
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the swelling properties of compacted bentonite-based materials
were reported (Pusch, 1982; Komine and Ogata, 1994, 2003, 2004;
Delage et al., 1998; Agus and Schanz, 2005; Komine et al., 2009;
Wang et al., 2012). The swelling pressure can be determined in
the laboratory by different methods: constant volume, swell-load,
zero swell and adjusted constant volume methods (Tang et al.,
2011). As mentioned above, the swelling pressure was measured
in most cases in the axial direction. Some authors also tried to
measure the radial swelling pressure, e.g. Börgesson et al. (1996),
Cho et al. (2000) and Lee et al. (2012). Lee et al. (2012) measured
both the radial and axial swelling pressures in a constant volume
cell with pressure sensors mounted in the two directions. They
found a difference between the radial and axial swelling pressures,
i.e. the larger difference was observed at higher dry densities. This
was explained by the anisotropic microstructure of compacted
bentonite.
In order to better understand the macroscopic response of the
compacted bentonite/sand mixture, especially in terms of swelling
pressure, an investigation of the microstructure is needed. Various
observations of the microstructure of compacted bentonites and
sand/bentonite mixture have been carried out using mercury
intrusion porosimetry (MIP) and scanning electron microscopy
(SEM) (Villar and Lloret, 2001; Cui et al., 2002; Montes-Hernandez,
2002; Lloret et al., 2003; Delage et al., 2006). These techniques
require a cautious preliminary dehydration of the samples, most
often by freeze-drying. They provide local observations on a small
part of millimetric samples. For a larger scale, microfocus X-ray
computed tomography (mCT) is needed. This technique allows a
high-resolution non-destructive three-dimensional (3D) observa-
tion without any sample pre-treatment. Moreover, further 3D in-
formation on the whole sample (including grain size distribution as
well as pores distribution and inter-connectivity) can be obtained.
mCT has been previously applied to monitor hydro-chemo-
mechanical processes (Comina et al., 2008), to detect dessication
cracks (Gebrenegus et al., 2006; Mukunoki et al., 2006), and to
investigate the microstructure of compacted bentonite-based ma-
terials (Kozaki et al., 2001; Van Geet et al., 2005; Kawaragi et al.,
2009).
In this study, the swelling pressure of a small scale compacted
disk of bentonite and sand was studied in both radial and axial
directions. Different swelling kinetics were identiﬁed for different
dry densities and along different directions. In parallel to the me-
chanical tests, microstructure investigation at the sample scale was
conducted using mCT.
2. Material and methods
2.1. Material
The material studied is a compacted mixture of Wyoming MX-
80 bentonite (commercial name Gelclay WH2) and quartz sand
(commercial name TH1000) with a proportion (in weight) of sand
of 30%. Themixturewas provided in boxes. Actually, examination of
the sand proportion (S) in the samples tested showed that the real
proportion varies from 32% to 40%. The initial water content (w) of
the mixture was 10.2% corresponding to a suction of 73.3 MPa
(measured using a chilled mirror dew point tensiometer). Note that
this mixture is the same as that used in the in situ experiments
(SEALEX) carried out in the Tournemire underground laboratory
(Barnichon et al., 2012) by IRSN (Institut de Radioprotection et de
Sûreté Nucléaire, the French expert national organisation in nuclear
safety).
The grain size distribution of the bentonite powder obtained by
dry sieving is presented in Fig. 1 together with that of purebentonite obtained using the conventional hydrometer method.
The grain size distribution of the sand is also shown in Fig. 1. The
curves show that materials are well sorted with a mean grain
diameter D50 of 1.2 mm and 0.6 mm for bentonite and sand,
respectively. The unit mass of bentonite particles was measured
and found equal to 2.77 Mg/m3, in agreement with the literature
data (Madsen, 1998; Karnland et al., 2006). The unit mass of sand is
2.65 Mg/m3. The main clay mineral of the MX-80 bentonite is
montmorillonite (92%), other minerals being quartz, alumina, and
hematite (Tang et al., 2008).
2.2. Anisotropic swelling pressure experimental setup
The experimental setup is presented in Fig. 2. The compacted
sample is placed between two porous stones and ﬁlter papers. On
top, a piston is ﬁxed with a screw to prevent any axial displacement
upon swelling. During the test, the sample is saturated from the
bottom with synthetic water having the same chemical composi-
tion as the pore water from the Bure underground research labo-
ratory (Andra, see details in Table 1). A total pressure sensor is
mounted on the cell inner wall to measure the radial swelling
pressure. A force transducer is mounted axially in order to measure
the axial force generated by the soil swelling. All data are recorded
by a data logger.
A series of tests have been performed using two cells, with
samples being compacted either inside (In-cell) or outside (Out-
cell) the cell. Tests with different dry densities (rd) ranging from
Table 1
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(S) were also considered: from 32% to 40%. The dry density (rd) was
deduced from the measured global density and the initial water
content (w ¼ 10.2%). Two tests were conducted by considering a
14% technological void referring to the macro-void volume existing
in the in situ SEALEX experiments (Barnichon et al., 2012). Two
values of dry densities were considered for each test with 14%
technological void; the ﬁrst one refers to the initial value while the
other is the ﬁnal value after swelling and the ﬁlling of the 14%
technological void.
As the bentonite fraction is responsible for the swelling pressure
development, the bentonite dry density (rdb) was determined
based on the dry density and on the sand fraction while assuming
that the mixture void ratio belongs to bentonite only (Dixon et al.,
1985; Lee et al., 1999; Agus, 2005), as follows:
rdb ¼
ðB=100ÞrmGss
Gssð1þwm=100Þ  rmð1 B=100Þ
(1)
where rm (Mg/m3) is the mixture density, B (%) is the bentonite
content (in dry mass) in the mixture and is deduced from the sand
proportion S (%), wm is the water content of the mixture, and Gss is
the speciﬁc gravity of sand (2.65).
For the samples used in different tests, the bentonite dry density
(rdb) varied from 0.94 Mg/m3 to 1.45 Mg/m3.
Prior to swelling pressure measurement, the Out-cell samples
were prepared at the desired dry density by static uniaxial
compaction of the mixture powder in a cylindrical mould using a
mechanical press, at a loading rate of 0.1 mm/min. Samples were
then removed from the mould and placed inside the test cell. This
procedure was applied to obtain compacted soil specimens having
a dry density higher than 1.5 Mg/m3 (Out-cell, Table 2). For speci-
mens with lower initial dry densities (i.e. lower than 1.5 Mg/m3),
this procedure was not applicable due to the difﬁculties related to
removing loose specimens from the mould. For these specimens,
the soil was then compacted directly inside the cell. The obtained
sample was a disk having a diameter of 38 mm and a height ofTable 2
Test program and results for all performed tests. (O), (I) and (V) refer to Out-cell, In-
cell and with 14% void as sample preparation methods, respectively.
ID rd (Mg/m3) S (%) rdb (Mg/m3) Ph (MPa) Pv (MPa) Ca
CS01C1 (O) 1.65 35.00 1.37 1.43 1.72 0.83
CS03C1 (O) 1.65 38.13 1.35 1.52 1.64 0.93
CS05C1 (O) 1.67 35.80 1.39 1.33 1.52 0.88
CS06C1 (O) 1.68 39.60 1.36 1.26 1.61 0.78
CS07C1 (O) 1.67 38.60 1.36 1.32 1.73 0.76
CS09C1 (I) 1.40 40.00 1.07 0.23 0.28 0.82
CS10C1 (I) 1.43 34.16 1.16 0.42 0.43 0.98
CS12C1 (O) 1.55 38.96 1.22 0.66 0.68 0.97
CS13C1 (O) 1.60 38.17 1.28 0.87 0.86 1.01
CS14C1 (I) 1.60 39.83 1.27 1.07 1.11 0.96
CS01C2 (V) 1.95/ 1.66 35.56 1.38 1.10 1.30 0.85
CS02C2 (V) 1.60/ 1.36 38.20 1.03 0.11 0.23 0.48
CS04C2 (O) 1.70 32.34 1.45 1.83 2.03 0.90
CS05C2 (I) 1.60 37.25 1.29 0.97 1.00 0.97
CS07C2 (I) 1.27 40.39 0.94 0.17 0.32 0.53
Note: Ph is the axial swelling pressure; Pv is the vertical swelling pressure and Ca is
the anisotropy coefﬁcient.10 mm at the target dry density. In the case of 14% radial techno-
logical void, the samples were prepared by compaction in a cylin-
drical mould having an internal diameter of 35mm and then placed
at the centre of the cell.2.3. mCT and image analysis
mCT was used to examine the 3D internal microstructure of the
compacted bentonite/sand mixtures. mCT is a non-destructive
observation technique that has been proven to be useful in the
investigation of various geological porous media including com-
pacted bentonite (Kozaki et al., 2001), bentonite pellet/powder
mixture (Van Geet et al., 2005) and compacted bentonite/quartz
mixture (Kawaragi et al., 2009). It consists ﬁrstly in recording a set
of two-dimensional X-ray radiographs of an object at several angles
(typically at 180 or 360) and secondly in reconstructing the 3D
slices from the radiographs using a mathematical algorithm. The
ﬁnal 3D image of the internal structure is obtained by stacking the
slices. The ﬁnal measurement is the attenuation coefﬁcient to X-
rays which depends on the mass density and the atomic number of
the object (Ketcham and Carlson, 2001; Van Geet et al., 2005).
The scans presented here were carried out with the mCT of the
Navier laboratory (Ecole des Ponts ParisTech), an “Ultratom” device
speciﬁcally designed and manufactured by RXsolutions (France).
Images were reconstructed using the software Xact-reconstruction
developed by RXsolutions. The ﬁnal 3D image is a 16 bit type with a
size of 1840 1840 386 voxels. The image analysis and treatment
were then carried out using ImageJ, a public domain Java image
processing program (Rasband, 1997e2012). Note that the image
was ﬁrst converted to 8 bits for size reasons.
Two scanned samples are shown in this paper. The ﬁrst one was
at the initial state, compacted like an Out-cell sample with a
diameter of 50 mm and a height of 10 mm and with a sand content
of 35%. Its dry density is 1.8 Mg/m3 (bentonite dry density rdb of
1.54 Mg/m3). The second one was scanned after four months of
hydration in constant volume cell. It has a 38 mm diameter, 10 mm
height, 30% sand fraction and a bentonite dry density (rdb) of
0.97 Mg/m3.3. Results and discussion
3.1. Comparison of swelling pressure kinetics (axial vs. radial)
Fig. 3a and b depict the evolutionwith respect to elapsed time of
axial and radial swelling pressures for samples at different
bentonite dry densities. The swelling pressure changes start with a
quick increase followed by a peak value, a decrease and ﬁnally a
slight increase or stabilisation.
For the tests on Out-cell samples, all swelling pressures start
from zero. On the contrary, a residual radial stress is identiﬁed in
the case of In-cell samples after compaction.
Therefore, the curves for radial swelling pressure start from a
positive value in the case of In-cell samples. It can however be
observed from the curves that this residual value did not affect the
ﬁnal value of the swelling pressure. As after the ﬁrst increase and
reaching the peak, the swelling pressure decreases and reaches an
expected value close to the other values obtained from other tests
on Out-cell samples. Further examination of the peaks for radial
and axial swelling pressures shows that the radial pressures exhibit
more marked peaks than the axial pressures. The presence of peaks
is related to microstructure changes and to the collapse that con-
tributes to the ﬁlling of macro-pores. Here, macro-pores refer to the
largest population of pores found between bentonite grains and
those can be seen in Figs. 4 and 5.
Fig. 5. Images at different stages before segmentation: (a) non-treated, (b) after
applying a 3D median ﬁlter, (c) during threshold, and (d) ﬁnal segmented image.
Fig. 3. Kinetics of the axial (a) and radial (b) swelling pressures for different bentonite
dry densities. (O) and (I) in the legend refer to the method of sample preparation: Out-
cell and In-cell, respectively.
S. Saba et al. / Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 126e132 129The bentonite grains have a mean size of 1.2 mm and are formed
by the aggregation of bentonite aggregates. Comparable grain sizes
were reported by Lloret and Villar (2007) in the Febex bentonite.
The ﬁrst increase in swelling pressure at the beginning is related to
the swelling of bentonite grains at macroscopic scale. With elapsed
time, grains will merge into aggregates with particles that ﬁll upFig. 4. A typical radial mCT cross-section of the compacted bentonite/sand mixture
sample.macro-pores and cause a decrease of the swelling pressure, corre-
sponding to the microstructure collapse.
The difference in peaks magnitude between radial and axial
swelling pressures suggests the presence of more macro-pores
along the radial direction than along the axial one. A further look
into the microstructure of the compacted mixture was then per-
formed to clarify this point. mCT was used to examine the 3D
microstructure of a compacted bentonite/sand sample having a
bentonite dry density of 1.54 Mg/m3 and a water content of 10.2%.
Fig. 4 shows the radial cross-section at a position of 4 mm from the
top of sample. The mCT technique is able to distinguish the various
components according to their densities and atomic compositions
(the grey level range goes fromwhite representing high attenuating
material to black representing void).
A clear distinction can be made between the clearer sand grains
and the slightly darker bentonite powder grains, even though their
respective densities are not signiﬁcantly different (2.4e2.5 Mg/m3
for the bentonite powder and 2.65 Mg/m3 for the sand). One can
also observe in Fig. 4 that the sample density is not strictly ho-
mogeneous, with more voids at the perimeter and a higher density
with fewer voids in the centre. This could be due to the sample
preparation procedure, in particular the way the powder was
poured into the mould and also to the friction against the mould
during compaction. Observation along the perimeter shows that
the bentonite powder grains remain clearly apparent around the
sample and that they are apparently more frequent than at the
centre. At the centre, powder grains appear to be more compacted
one against another, resulting in a denser microstructure.
Further investigation of the microstructure was carried out using
the “ImageJ” image analysis software. The ﬁrst step consisted in
reducing the noise in the image by applying a 3Dmedianﬁlterwith a
1 pixel radius. Then, a segmentation of the image was performed in
order to isolate pores fromtheother phases. The grey threshold value
used to segment the image was found after analysing the histogram
and using the “mixturemodelling” function that gave the value of 73
as the grey threshold value separating pores from the other phases.
Fig. 5 shows an image at different stages before segmentation:
initial state, after applying a 3Dmedian ﬁlter, while applying 73 as a
threshold value and ﬁnally the segmented image. The porosity was
calculated from the histogram of the segmented image by dividing
the number of black voxels by the total number of voxels.
Fig. 7. Anisotropy coefﬁcient changes with respect to bentonite dry density for
different test conditions.
S. Saba et al. / Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 126e132130The spatial distribution of the porosity was investigated at
different locations along x and y directions by using volumes with
heights equal to 271 pixels. The locations of the volumes sections
investigated are indicated in Fig. 6a. Fig. 6b shows the variation of
porosity with respect to x and y (volumes 1e12). A clear difference
in porosity values is observed between the border (x, y ¼ 160 and
1515) and the centre. More details about the sample characterisa-
tion by mCT can be found in Saba et al. (2014).
3.2. Larger anisotropy at lower bentonite dry densities
The radial swelling pressure (Ph) and the axial swelling pressure
(Pv) values presented in Table 2 are the stabilised ﬁnal values of the
swelling pressure evolution (Fig. 3). The radial and axial values are
not identical, and the axial ones are mostly larger than the radial
ones. This can be explained by the effect of the uniaxial compaction
that favours the reaction in the direction of the compaction force. In
order to analyse this anisotropic behaviour, an anisotropy coefﬁ-
cient (Ca) is deﬁned as the ratio of Ph to Pv.
This coefﬁcient is versus the bentonite dry density presented in
Fig. 7. It can be observed that, in the range of medium bentonite dry
densities, the swelling behaviour is mostly isotropic as indicated by
values of the anisotropy coefﬁcient close to 1. These densities vary
from 1.16 Mg/m3 to 1.3 Mg/m3. At higher bentonite dry densities,
the anisotropy coefﬁcient becomes slightly smaller than 1 with
values ranging between 0.90 and 0.76. When the bentonite dry
density is lower than 1.1 Mg/m3, the anisotropy becomes higher
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Fig. 6. Sections of the volumes where the porosity was investigated in the sample
(thickness 271 voxels) (a) and the corresponding results (b).preparation mode (In-cell or Out-cell) does not seem to inﬂuence
the anisotropy coefﬁcient.
The anisotropy behaviour is also related to the microstructure
changes on the compacted mixture. After the uniaxial compaction
of the grains-powder mixture, an initial structural anisotropy is
induced by the compaction process that results in a larger swelling
reaction in the compaction direction. On the other hand, upon
hydration, bentonite grains will swell and split up, ﬁlling macro-
pores. This process leads to a microstructure collapse, decreasing
the initial anisotropy.
From Fig. 3, the most marked peaks in the swelling pressure
evolution are observed in the tests withmedium range of bentonite
dry densities. As explained previously, peaks indicate a collapse in
the microstructure that favours the development of an isotropic
microstructure. This explains the isotropic behaviour shown in
Fig. 7 for the samples with medium bentonite dry densities and an
anisotropy coefﬁcient close to 1.
In the case of high bentonite dry densities, the kinetics in Fig. 3
exhibit small peaks, indicating a limited collapse of the micro-
structure that remains anisotropic. This is explained by the fact
that, at high bentonite dry densities, there is not enough space
(macro-pores) for bentonite grains to swell, preventing the
microstructure collapse. This leads to a high degree of anisotropy
with a coefﬁcient of anisotropy ranging from 0.76 to 0.90.
In the case of very low bentonite dry densities (<1.15 Mg/m3),
bentonite grains can swell but cannot ﬁll up all the voids and give
rise to microstructure collapse. The swelling kinetics curves also
show small peaks in this range of bentonite dry densities, con-
ﬁrming the absence of microstructure collapse. The initial anisot-
ropy is then preserved and it is represented by an anisotropy
coefﬁcient ranging from 0.48 to 0.82.
To further investigate the anisotropy at low bentonite dry den-
sities, a 3D microstructure observation has been performed by X-
ray mCT on a sample with a bentonite dry density of 0.97 Mg/m3
after a four-month hydration under constant volume conditions. A
radial cross-section at a distance of 5 mm from the sample surface
is presented in Fig. 8. Different phases corresponding to different
grey levels can be clearly distinguished: from the lightest to the
darkest, sand grains, bentonite grains, the gel formed around the
bentonite grains (after their swelling) and the pores. Pores are
found to be almost saturated by water as their grey level is lighter
from the one corresponding to air. Interestingly, some macro-pores
can still be seen between the sand grains, conﬁrming that the
swelling of bentonite grains cannot ﬁll all macro-pores. Also, it can
Fig. 8. Radial cross-section at a depth of 5 mm of a part of the compacted sample after
a four-month hydration under constant volume conditions.
S. Saba et al. / Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 126e132 131be observed from the image that the bentonite ﬁlled the pores
between bentonite grains more easily than between the sand
grains. This contributes to preserving the initial anisotropy.
4. Conclusions
In the design of sealing plugs for deep radioactivewaste disposal
in clayey host rocks, the swelling pressure is an important
parameter to be studied. In this work, an experimental study on the
anisotropy of swelling pressure of compacted bentonite/sand
mixture was carried out. Two phenomena were identiﬁed and
analysed by mCT.
The ﬁrst one concerns the difference in peaks magnitude be-
tween radial and axial swelling pressure kinetics with radial
swelling pressure peaks larger than the axial ones. This reveals that
the sample may be looser in the radial direction than in the axial
one, because peaks are related to the collapse of macro-pores, and
this collapse is more pronounced if there are more micro-pores. A
mCT image of a sample similar to the tested samples showed a
concentration of macro-pores at the radial border of the sample.
Image analysis conﬁrmed this heterogeneity of porosity related to
the sample preparation method.
The second phenomenon concerns the anisotropic swelling of
samples at low bentonite dry densities. It is known that, after hy-
dration under constant volume conditions, the bentonite grains
swell, ﬁll up the macro-pores and result in a microstructure
collapse. This leads to a decrease of the initial anisotropy induced
by the axial compaction. On the contrary, higher anisotropy was
observed at lower densities. The mCT image of a sample at a low
bentonite dry density, after the end of a swelling pressure test
showed that bentonite could not ﬁll all the macro-pores. Conse-
quently, bentonite at low density was not able to produce a collapse
of macro-pores in the sample, which led to preservation of the
initial sample anisotropy.
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